Genetically modified monkey models that exhibit human disease symptoms are versatile tools for studying human disease mechanisms and advancing therapeutic treatments [1] . However, generation of gene-targeted monkeys remains very challenging, due to the long breeding cycle and low gene-editing efficiency [1, 2] . The CRISPR/Cas9 system has been used to generate gene-targeted animals in many species by directly injecting Cas9 mRNA and single-guide RNAs (sgRNAs) into pronuclear stage zygotes [3] . Several recent studies have shown that the CRISPR/Cas9 system could also be used to generate gene-knockout monkeys [4] [5] [6] [7] [8] [9] [10] . However, no gene knock-in monkey has been reported, presumably because of the low knock-in rate [2] .
We previously reported that homology-mediated end joining (HMEJ)-based method could efficiently achieve targeted integration in the embryos of cynomolgus monkeys [11] . However, the low blastocyst rate of the injected embryos (26.7%, 4 out of 15) may hinder the generation of live-birth monkeys [11] . We thus further optimized the zygote injection conditions, including the concentration of donor plasmids and the total injection volume, to improve the knock-in efficiency while maintaining the normal embryonic development. In this study, we aimed to insert Actb (intron 4 to exon 5)-p2A-mCherry into the intron 4 of the Actb gene (highly expressed in most cells/tissues) to achieve mCherry expression under the control of the Actb promoter (Supplementary information, Figure S1A ). The knock-in efficiencies were evaluated by mCherry fluorescence signals in blastocysts (Supplementary information, Figure S1B ). By co-injection of different volumes (~4-10 pL) and concentrations of donor plasmid (50-100 ng/μL) together with Cas9 mRNA (100 ng/μL) and sgRNA (50 ng/μL) into fertilized monkey oocytes, we found that ~4 pL of total volume and 100 ng/μL of donor plasmid could achieve both high knock-in efficiency (5 out of 6) and high blastocyst rate (6 out of 11; Supplementary information, Figure S1C and S1D).
For embryo transplantation experiments, we fertilized the monkey oocytes with intracytoplasmic sperm injection (ICSI), and 6 h later injected a mixture of Cas9 mRNA (100 ng/μL), sgRNA (50 ng/μL) and HMEJ donor plasmid (100 ng/μL) with a total injection volume of ~4 pL. We first transferred 27 injected zygotes into 9 surrogate females, but found no pregnancy. To achieve a higher rate of pregnancy, we reduced the injection volume to ~2 pL. A total of 42 injected zygotes were transferred into 12 surrogate females. Of the recipient mothers, five pregnancies were established and one miscarriage occurred 80 days after embryo transfer (Supplementary information, Table S1 ). The rest four pregnancies included one twin and three singletons. Successful delivery at full term (147-163 days) yielded a pair of twin babies (#1 male and #2 female) and three female singletons (#3, #4 and #5). One of the twin babies (#2) died one day after birth and #3 died on the 13th day after birth due to enteritis (Supplementary information, Table  S1 ). Three other monkeys survived and exhibited apparently normal growth with time. Direct epifluorescence of the toes of newborn babies showed that four monkeys (#1, #2, #3 and #5) exhibited visible mCherry fluorescence as compared to wild-type newborn monkeys ( Figure 1A) .
Next, ear tissue sections were obtained from five monkeys and mCherry expression was observed in all monkeys ( Figure 1B) . We also obtained tissue sections from the tail, toe, gut, muscle, heart, kidney, brain and ovary of the two deceased female monkeys (#2, #3). We observed mosaic expression of mCherry in all sections (10%-90% of cells, Figure 1B and Supplementary information, Figure S2A and S2B). Notably, we detected MVH (a germ cell marker) expression in mCherry + cells of the ovaries of monkeys #2 and #3 (Supplementary information, Figure S2C ), suggesting the potential capability of germline transmission of the knock-in monkeys. In addition, mCherry expression was confirmed by western blotting (Supplementary information, Figure S2D ). All these samples from monkeys #2 and #3 and ears of three live monkeys (#1, #4, #5) were also used for PCRbased genotyping. Targeted integration was found in all samples ( Figure 1C) , and the precise in-frame integrations occurred at 5′ and 3′ junctions (Supplementary information, Figure S3 ). We also detected NHEJ-induced mutations at Actb locus in all the monkeys (Supplementary information, Figure S4 ). Moreover, for monkey #2, we used a set of primers to amplify the region across the transgene and its adjacent 5′ and 3′ arms by PCR (Supplementary information, Figure S5A ). Sequencing of these PCR products confirmed the correct transgene integration and the absence of mutation in the knock-in alleles (Supplementary information, Figure S5B ). Furthermore, Southern blot analysis on monkeys #2 and #3 confirmed the correct transgene integration ( Figure 1D ) and the absence of no additional randomly integrated transgene ( Figure 1D , internal probe). To study off-target effects, we examined the 12 highest-ranked predicted off-target sites in five knock-in monkeys using ear tissues and found that no mutation occurred at any of these loci (Supplementary information, Figure S6 ). Taken together, we have successfully achieved CRISPR/Cas9-mediated targeted transgene integration using HMEJ strategy in monkey genome by one-cell embryo microinjection. In summary, we found that HMEJ-based knock-in strategy represents an efficient and simple method for generating targeted genetic modifications in monkeys ( Figure 1E ). However, knock-in monkeys generated by this approach showed mosaicism. Therefore, further serial crossbreeding is required to generate complete gene knock-in monkeys. Such a procedure is very laborious due to a long breeding cycle (5-6 years) and a small litter size (1 per birth) in macaque monkeys. Injection of Cas9 protein instead of mRNA at earlier embryonic stage may achieve transgenic knock-in at one-cell stage without mosaicism [12] . Alternatively, combination of testicular xenografts [13] with our HMEJ-based knock-in approach could produce a large number of F1 knock-in monkeys in only three years, and thus accelerate the generation of human disease models. The knock-in approach shown Figure 1 Actb-p2A-mCherry knock-in monkeys generated by HMEJ-based method. (A) The knock-in cynomolgus monkey infants. Left top panel, images of three survived newborns (#1, #4 and #5); left bottom panel, epifluorescent images of the toes of three survived newborns (#1, #4 and #5); right panel, epifluorescent images of the toes of two deceased newborns (#2 and #3). Red arrowheads indicate the toes of knock-in monkeys, while black arrowheads indicate the toes of wild-type monkeys. Images were collected at the different ages of monkeys: #1, #4 and #5, ~1 month; #2, day 1; #3, day 13; WT-1, ~1 month; WT-2, day 1. All monkeys except #4 showed mCherry epifluorescence in their toes. (B) Immunofluorescence analysis using an anti-mCherry antibody of ear tissues from all the newborns and ovary tissues from two deceased monkeys. Blue, DAPI; green, Cy5; red, mCherry. Scale bar, 100 μm. (C) Genotyping analysis of the newborns. PCR products amplified from 5′ and 3′ junction sites of DNA samples of the newborns. PC, positive control from COS-7 cells with Actb-p2A-mCherry knock-in. WT, genomic DNA from wild-type monkey. (D) Southern blot analysis. NdeI-digested and BglII-digested genomic DNAs from monkeys #2 and #3 were hybridized with internal mCherry probe and 3′ external probe, respectively. Expected fragment sizes: WT = N/A, Targeted = 3.5 kb (internal mCherry probe); WT = 4.4 kb, Targeted = 5.4 kb (external probe). (E) Summary of Actb-p2A-mCherry knock-in monkeys generated by HMEJ-mediated targeted integration. Cas9 mRNA (100 ng/μL), sgRNAs (50 ng/μL), and donor vectors (100 ng/μL) were injected into fertilized eggs, with a total injection volume of ~2 pL. EF, epifluorescence; IF, immunofluorescence.
a One carried twins and one miscarriage occurred 80 days after embryo transfer.
b Number in the brackets indicates total samples analyzed.
here, even with mosaicism, might be useful for generating tool monkeys that express exogenous proteins in specific cell types for optogenetic [14] and pharmocogenetic [15] manipulations. Materials and Methods are available in Supplementary information, Data S1 and Table S2 .
